Introduction
The semiconductor industry has long been seeking a high-density, high-speed, and lowpower memory technology that retains its data even when the power is interrupted (Meijer, 2008) . Though static random access memory (SRAM) and dynamic random access memory (DRAM) are very fast, both of them are volatile, which is a huge disadvantage, costing energy and additional periphery circuitry. Si-based Flash memory devices represent the most prominent nonvolatile data memory (NVM) because of their high density and low fabrication costs. However, Flash suffers from low endurance, low write speed, and high voltages required for the write operations. In addition, further scaling, i.e., a continuation in increasing the density of Flash is expected to run into physical limits in the near future. Ferroelectric random access memory (FeRAM) and magnetoresistive random access memory (MRAM) cover niche markets for special applications. One reason among several others is that FeRAM as well as conventional MRAM exhibit technological and inherent problems in the scalability, i.e., in achieving the same density as Flash today. In this circumstance, a renewed nonvolatile memory concept called resistance-switching random access memory (RRAM), which is based on resistance change modulated by electrical stimulus, has recently inspired scientific and commercial interests due to its high operation speed, high scalability, and multibit storage potential (Beck et al., 2000; Lu & Lieber, 2007; Dong et al., 2008) . The reading of resistance states is nondestructive, and the memory devices can be operated without transistors in every cell (Lee et al., 2007; Waser & Aono, 2007) , thus making a cross-bar structure feasible. A large variety of solid-state materials have been found to show these resistive switching characteristics, including solid electrolytes such as GeSe and Ag 2 S (Waser & Aono, 2007) , perovskites such as SrZrO 3 (Beck et al., 2000) , Pr 0.7 Ca 0.3 MnO 3 (Liu et al., 2000; Odagawa et al., 2004; Liao et al., 2009) , and BiFeO 3 Yin et al., 2010; , binary transition metal oxides such as NiO (Seo et al., 2004; Kim et al., 2006; Son & Shin, 2008) , TiO 2 Jeong et al., 2009; Kwon et al., 2010) , ZrO 2 (Wu et al., 2007; Guan et al., 2008; Liu et al., 2009) , and ZnO (Chang et al., 2008; Kim et al., 2009; , organic materials (Stewart et al., 2004) , amorphous silicon (a-Si) (Jo and Lu, 2008; , and amorphous carbon (a-C) (Sinitskii & Tour, 2009; Zhuge et al., 2010) . In last decades, carbon-based materials have been studied intensively as a potential candidate to overcome the scientific and technological limitations of traditional semiconductor devices (Rueckes et al., 2000; Novoselov et al., 2004; Avouris et al., 2007) . It is worthy mentioning that most of the work on carbon-based electronic devices has been focused on field-effect transistors Burghard et al., 2009 ). Thus, it would be of great interest if nonvolatile memory can also be realized in carbon so that logic and memory devices can be integrated on a same carbon-based platform. Graphene oxide (GO) with an ultrathin thickness (~1 nm) is attractive due to its unique physical-chemical properties. A GO layer can be considered as a graphene sheet with epoxide, hydroxyl, and/or carboxyl groups attached to both sides. GO can be readily obtained through oxidizing graphite in mixtures of strong oxidants, followed by an exfoliation process. Due to its water solubility, GO can be transferred onto any substrates uniformly using simple methods such as drop-casting, spin coating, Langmuir-Blodgett (LB) deposition and vacuum filtration. The as-deposited GO thin films can be further processed into functional devices using standard lithography processes without degrading the film properties (Eda et al., 2008; Cote et al., 2009 ). Furthermore, the band structure and electronic properties of GO can be modulated by changing the quantity of chemical functionalities attached to the surface. Therefore, GO is potentially useful for microelectronics production. Considering that although a large variety of solid-state materials have been found to show resistive switching characteristics, none of them can fully meet the requirements of RRAM applications, exploration of new storage media is still a key project for the development of RRAM. Therefore, in this chapter, the resistive switching effect in GO thin films has been investigated and the possibility of GO used as a potential storage medium for RRAM has been discussed.
Experiments
The oxidation of graphite was carried out following the Hummer's method (Hummers & Offeman, 1958) . In a typical procedure, KNO 3 (1.2 g) and graphite (1.0 g) was added into 46 mL of concentrated H 2 SO 4 (98%) under stirring. After 10 mins 6.0 g of KMnO 4 was added slowly. The mixture was then heated to 35 °C and stirred for 6 hours. Subsequently, 80 mL of water was added dropwise under vigorous stirring, resulting in a quick rise of the temperature to ~80 °C. The slurry was further stirred at this temperature for another 30 mins. Afterwards 200 mL of water and 6 mL of H 2 O 2 solution were added in sequence to dissolve insoluble manganese species. The resulting graphite oxide suspension was washed repeatedly by a large amount of water until the solution pH reached a constant value at ~4.0, and finally the suspension was diluted to 600 mL with water. 200 mL of the diluted graphite oxide suspension was transferred into a conical beaker with a volume of 500 mL. Then the suspension was gently shaken in a mechanical shaker at a speed of 160 rpm for ~6 hours. To remove the small amount of unexfoliated particles, the resulting viscous suspension was centrifuged at 2,000 rpm for 10 mins, producing a brown, homogeneous colloidal suspension of GO sheets. The colloidal suspension could be further concentrated by centrifugation at 8,000 rpm. Then GO thin films of ∼30 nm in thickness were prepared at room temperature by the vacuum filtration method. 50 g of GO suspension with a concentration of 6 mg/L was filtered through a cellulose ester membrane to achieve uniform GO thin films. The film thickness could be well controlled by tuning the GO concentration or filtration volume. The as-filtered GO flakes were then transferred from the filter membrane onto commercial Pt/Ti/SiO 2 /Si substrates. Atomic force microscopy (AFM) characterization was conducted by a Veeco Dimension 3100V scanning probe microscope at ambient conditions using a tapping or conductive-AFM (CAFM) mode. Scanning electron microscopy (SEM) images were taken by a Hitachi S-4800 Field Emission Scanning Electron Microscope. Specially, a low accelerating voltage of 1.0 kV and high current of 20 μA were applied for the graphene oxide sheets on silicon substrates. In order to measure the electrical properties, metal (Cu, Ag, and Au etc.) top electrodes with a thickness of 200 nm and diameter of 100 μm were deposited at room temperature by electron beam evaporation with an in-situ metal shadow mask. The I-V characteristics of metal/GO/Pt structures were measured at room temperature by Keithley 4200 semiconductor characterization system with voltage sweeping mode. During the measurement, a bias voltage was applied between the top (Cu, Ag, and Au etc.) and bottom (Pt) electrodes with the latter being grounded. The schematic structure of the sandwiched devices is depicted in Fig. 1(a) . In the local leakage current measurement by CAFM, the conductive tip was grounded and directly touched the GO films, as shown in Fig. 1(b) . The resistances in the low resistance state and high resistance state of the metal/GO/Pt structures were measured as a function of temperature by a physical property measurement system (PPMS, Quantum Design). 
Results and discussions

Morphology of GO sheets and thin films
A typical SEM image of the GO sheets is shown in Fig. 2 (a). As can be seen, the sheets have a lateral size, dominantly, in the order of 100 μm, and some of them even possess a size as large as 200 μm. To the best of our knowledge, there have been no reports on GO sheets with such a huge size. Besides the large sheets, fragments with sizes of only a few micrometres can also be observed in a small amount. These fragments might be derived from micrometre-sized graphite flakes or by inevitable breakage during the delamination process. Figure 2 (b) displays an AFM image of a GO sheet which has a size far beyond the AFM scan range. The height profile denoted in Fig. 2 (b) demonstrates a mean thickness of ~1 nm, indicative of a unilamellar nature of the sheet. It is worth mentioning that the sizes of the exfoliated GO sheets are closely associated with those of the starting graphite flakes. For example, if the graphite flakes of 500 mesh size (~25 μm in mean size) were used, the exfoliated GO sheets had a lateral size around 15 μm. This result indicates that the sheet sizes can be easily controlled through the size selection of the graphite material. Figure 2 (c) shows an AFM image of a GO thin film of ~30 nm in thickness deposited at room temperature by the vacuum filtration method. From Fig. 2(c) , we see that the as-grown GO film is not smooth and there are a large amount of protuberances on the film surface. These observed protuberances are most likely to be the gauffers of GO sheets formed during the film preparation process (Zhou & Liu, 2010) .
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While increasing the positive voltage steadily, the current jumps abruptly at a voltage value of about 0.8 V. The device switches from the high resistance state (HRS or Off state) to a low resistance state (LRS or On state), which is called the "Set" process. A current compliance (10 mA in this work) is usually needed during the Set process to prevent the sample from a permanent breakdown. By sweeping the voltage from 1 V to -0.4 V, the device holds on the LRS, and starts switching from the LRS to the HRS ("Reset" process) from -0.4 V. At the voltage of -0.75 V, the cell recovers to the HRS, and holds until next Set process. The I-V characteristics exhibit a typical bipolar switching behavior. The device yield of the Cu/GO/Pt structure is more than 50%. 
In order to investigate the endurance performance of the Cu/GO/Pt memory device, cyclic switching operations are conducted. Figure 4 (a) shows the evolution of resistance of the two well-resolved states in 100 cycles. The statistical distribution of the resistances in HRS and LRS is shown in Fig. 4(b) . The resistance values are read out at -0.1 V in each dc sweep. Although the resistance values of both HRS and LRS show some fluctuations, the On/Off ratios are about 20 without any obvious degradation within 100 cycles. The endurance measurements ensured that the switching between On and Off states is controllable, reversible, and reproducible. After the device was switched On or Off, no electrical power was needed to maintain the resistance within a given state. The distribution of the programming voltages (V Set and V Reset ), another critical parameter to evaluate the memory device, is shown in Fig. 4 (c). Figure 4(d) shows The statistical distribution of the programming voltages. As can be seen, V Set and V Reset distribute in a range of 0.3 V to 1 V and -0.3 V to -0.9 V, respectively. The switching threshold voltages of the Cu/GO/Pt sandwiched structure are lower than those of most reported RRAM devices (Szot et al., 2006; Tsubouchi et al., 2007; Guan et al., 2007; Fujiwara et al., 2008; Li et al., 2008) . The retention performance of the Cu/GO/Pt memory cell at room temperature is shown in Fig. 5 . The device is switched On or Off by dc voltage sweeping. Then the resistance of LRS or HRS is read out at a reading voltage of 0.1 V. The reading of the resistance state is nondestructive, and no electrical power is needed to maintain the resistance within a given state (LRS or HRS). As can be seen in Fig. 5 , the LRS and HRS resistances are kept stable for more than 10 4 s, indicating that the memory device is nonvolatile and stable at room temperature. Fig. 6 , the I-V curve of LRS exhibits a linearly Ohmic behavior with a slope of ~1. However, the conduction mechanisms of HRS are much more complicated. Fitting results for HRS suggest that the charge transport behavior is in good agreement with a trap-controlled space charge limited current (SCLC), which consists of two portions: the Ohmic region (I ∝ V) and the Child's law region (I ∝ V 2 ) (Strukov et al., 2008; Kim et al., 2007; Son & Shin, 2008; Chen et al., 2008 ) . The different conduction behaviors in HRS and LRS suggest that the high conductivity in On-state cell is likely to be a confined effect rather than a homogenously distributed one . Actually, a Forming process, which is the first transition from fresh state to low resistance state, is always needed before such sandwiches show good resistive switching characteristics. However, this is not desired in practical applications because the Forming voltage is usually much higher than the Set voltage of the device. Most materials, for example, NiO, TiO 2 , ZnO, CuO, and SrTiO 3 etc. Do et al., 2008; Chang et al., 2008; Fujiwara et al., 2008; Oligschlaeger et al., 2006) , have already been reported to be in need of Forming process. It is necessary to find some solutions to overcome this difficulty. Kinoshita et al. developed a NiO y film (y=0.88±0.05) free from Forming process, where a grain structure was found with conductive atomic force microscopy and most current flows through grain boundaries to obviate the requirement of Forming . Herein, the effect of top electrode materials on the Forming process in GO thin films is investigated. Fig. 7(b) . As can be seen from Fig. 7 , the Ag/GO/Pt structures have the lowest Forming voltages of about 0.4 V, while the Au/GO/Pt sandwiches show the highest Forming voltages of about 3 V. The Forming voltage of the metal/GO/Pt memory cell varies as follows: V Ag <V Ti <V Cu <V Au . It has been reported that solid electrolyte memory devices based on silver ions generally show low switching voltages (Kund et al., 2005; Schindler et al., 2007; Tsunoda et al., 2007) . Banno et al. further clarified that the switching voltage for turn-on in RRAM devices based on solid electrolyte such as Cu 2−α S and Ta 2 O 5 could be strongly affected by the ion flux which is proportional to the product of the diffusion coefficient and the concentration of ions (Banno et al., 2008) . Therefore, we can infer that a large ion diffusion coefficient can lead to a large ion flux and thus a low switching voltage. Govindaraj et al. have reported that Ag has a large diffusion coefficient in oxide films (Govindaraj et al., 2001) . The Ag/ZrO 2 /Au structure shows low switching voltages of <1 V without any Forming process . In our case, it is likely that Ag also has a large diffusion coefficient in GO thin films, resulting in low Forming voltages for Ag/GO/Pt memory cells. The high Forming voltages for Au/GO/Pt structures are likely due to gold's chemical inertness. Compared to other top electrode metals (i.e. Ag, Ti, and Cu), Gold is very difficult to be oxidized to the ions. High voltages are necessary for the activation of Au/GO/Pt memory cells. Figure 8(b) shows the top electrode dependence of device yields of metal/GO/Pt memory cells. As can be seen from Fig. 8(b) , the device yield (Y) of the metal/GO/Pt memory cell varies as follows: Y Ag >Y Cu >Y Au >Y Ti . The Ag/GO/Pt structure has the highest device yield of about 70%. The strong top electrode material dependence of the switching characteristics is helpful for speculating about the resistive switching mechanism in GO thin films. It will be discussed later. Figure 9 (a) shows the I-V characteristics of Forming processes of Cu/GO/Pt memory cells using GO films with different thicknesses, i.e. 15 nm, 30 nm, 60 nm, and 90 nm. The GO film thickness dependence of Forming voltages of Cu/GO/Pt memory cells is shown in Fig. 9(b) . Obviously, the voltage required for the initial Forming process increases with the thickness of GO, indicating that the electric field inside the bulk GO is the controlling factor of the Forming. The similar experiment results have been also obtained in some oxides, for example, Fe 2 O 3 (Inoue et al., 2008) . Therefore, to reduce the Forming voltage or even entirely remove the Forming process of the metal/GO/Pt memory cell, an appropriate thickness of the GO thin film should be considered. The resistances of the high resistive state and low resistive state after the Forming process for Cu/GO/Pt memory cells are shown in Fig. 10 , as a function of the thickness of GO. No obvious variation can be observed for both HRS resistance and LRS resistance as the GO thickness changes from 15 nm to 90 nm. The thickness-insensitive property of HRS resistance and LRS resistance indicates that once the Forming process is completed, it is unlikely that the bulk region of GO contributes to the resistive switching effectively. This also underpins that the switching phenomenon occurs at the interface rather than the bulk region. Rakhshani et al., 1976; Ray et al., 1990) , namely the preferential diffusion of oxygen and solid-state electrolytic processes along a discrete set of filaments, which give rise to a located decomposition and subsequent accumulation of oxygen gas under the anode. In our case, such gas bubbles are also observed under the top electrodes for the Cu/GO/Pt memory cell with a GO thickness of 90 nm and Au/GO/Pt memory cell with a GO thickness of 30 nm. From Fig. 7 , we see that for the Au/GO/Pt cell, the Forming voltage is more than 4 V. As can be seen from Fig. 9 , the Cu/GO/Pt cell with a GO thickness of 90 nm needs a high Forming voltage of about 5V. Therefore, we infer that as the high Forming voltage is applied to the GO-based memory cell, a large amount of heat is generated in a confined region, resulting in an increase of temperature. Then, the high temperature in the confined region may cause the decomposition of epoxide, hydroxyl, and/or carboxyl groups in GO, resulting in water steam and CO 2 (Zhou et al., 2006) .
GO film thickness dependence of resistive switching of metal/GO/Pt sandwiches
Current compliance dependence of resistive switching of metal/GO/Pt sandwiches
A current compliance is usually needed during the Forming and Set processes to prevent the sample from a permanent breakdown. We find that the current compliance is another critical parameter to determine the resistive switching characteristics of metal/GO/Pt memory cells. Figure 12(a) shows the typical I-V characteristics of the Au/GO/Pt device with different current compliance (0.02 A, 0.04 A, and 0.07 A). Clearly, the Reset current (maximum current level before the Reset process) increases with increasing compliance current. As mentioned above, the different conduction behaviors in high and low resistance states suggest that the high conductivity in On-state cell is likely to be a confined effect rather than a homogenously distributed one. It is likely due to the formation of conducting filaments in GO . It is considered that stronger filaments with a higher density are formed at a larger current compliance (Rohde et al., 2005) . The Reset process is also considered to be due to the rupture of the filaments due to the heat generated by the large current flow (Rohde et al., 2005) . Thus, it can be imagined that a larger Reset current is necessary for the Reset process at the larger current compliance. The dependence of the Reset current and resistance in the low resistance state on current compliance applied in the Set process is shown in Fig. 12(b) . We see that the Reset current has an approximate linear relationship to the current compliance. Thus, the power needed for the WRITE and ERASE operations in RRAM can be modulated by controlling the current compliance. As can be seen from Fig. 12(b) , the resistance in the low resistance state decreases with increasing current compliance. Therefore, different resistance states can be achieved using different current compliances in the program process, showing good potential for multilevel storage . Figure 12(c) shows the current compliance dependence of the Set and Reset voltages. The Set voltage shows weak dependence on current compliance, whereas the Reset voltage increases obviously with increasing current compliance applied in the Set process.
Possible mechanisms of resistive switching in GO thin films i. Filamentary model for metal/GO/Pt sandwiches
As mentioned above, the strong top electrode material dependence of the switching characteristics is helpful for speculating about the resistive switching mechanism in GO thin www.intechopen.com (Tokunaga et al., 2006) . Hysteretic I-V characteristics were observed in the junctions for Mg, Al, and Ti, which have relatively shallow work functions (Φ). In our case, Ti, Cu, and Ag have a lower Φ of 3.98 eV, 4.35 eV, and 4.26 eV, respectively, whereas Au has a higher one of 5.1 eV. It indicates that the occurrence of the resistive switching in metal/GO/Pt structures is irrelevant to Φ of the top electrodes. Liao and co-workers studied the resistive switching characteristics of metal/Pr 0.7 Ca 0.3 MnO 3 (PCMO)/Pt devices and found that devices with top electrode made of Al, Ti, and Ta exhibit a bipolar resistive switching, but those with top electrode made of Pt, Ag, Au, and Cu do not (Liao et al., 2009 ). The resistive switching was attributed to a thin metal-oxide layer formed at the interface between the former group of top electrode and PCMO. In our work, the top electrode material includes both reactive metals such as Ti and inert metals such as Au. Therefore, the observed resistive switching is not due to the formation of a metal-oxide layer at the interface between the top electrode and GO. The strong top electrode material dependence of the resistive switching characteristics of GO thin films suggests that the resistive www.intechopen.com switching effect may be attributed to the formation/rupture of metal filaments due to the diffusion of the top electrodes under a bias voltage. Briefly, a positive voltage (>V Set ) on the top electrodes generates a high electric field that drives metal (e.g., Ag) ions into the GO matrix and form conducting filaments inside the GO layer, and the device reaches the On state. After the Set process, the device retains the On state unless a sufficient voltage of opposite polarity (<V Reset ) is applied and the electrochemical dissolution of the metal filaments Resets the device, and the Off state is finally reached again (Jo et al., 2008; Zhuge et al., 2010) .
To verify the physical nature of the resistive switching effect of the metal/GO/Pt structures, resistances in the low and high resistance states of the Cu/GO/Pt device are measured as a function of temperature. Figure 13(a) shows the typical metallic behavior of the resistance in the On state. In contrast, the resistance in the Off state shows a semiconducting behavior as displayed in the inset of Fig. 13(a) . The metallic conducting behavior in the low resistance state indicates the formation of conducting filaments in the GO films. The temperature dependence of metallic resistance can be written as
where R 0 is the resistance at temperature T 0 , and α is the temperature coefficient of resistance. By choosing T 0 as 300 K, the temperature coefficient of resistance of the filaments is calculated to be 1.7×10 −3 K −1 , which is similar to the value 2.5×10 −3 K −1 for high-purity copper nanowires of diameter ≥15 nm (Bid et al., 2006) , confirming that the filaments are composed of Cu in metallic states due to the diffusion of the top electrode under a bias voltage. The discrepancy of the temperature coefficient of resistance is attributed to inevitable defects in the Cu filaments, since the presence of defects can reduce the temperature coefficient of resistance by shortening the mean free path of electrons (Bid et al., 2006) . Fig. 13. (a) Temperature dependence of the resistance in the low resistance sate of the Cu/GO/Pt device. The inset shows the temperature dependence of the resistance in the high resistance state. Also shown is the temperature coefficient of resistance (α) of the conducting filaments. (b) A schematic diagram for the mechanism of resistive switching effects in metal/GO/Pt devices. Figure 14 (a) shows the typical local I-V characteristics of GO films by the conductive atomic force microscopy measurements in which the AFM tip is in perpetual contact with the sample. The obvious bipolar resistive switching effect is also observed though the threshold voltages are higher probably due to the nonideal contact between the AFM probe and GO films as well as very small contact area compared to the conventional I-V characterization . In this case, we intend to attribute the observed resistive switching to the desorption/absorption of oxygen-related groups on the GO sheets. As shown in Fig. 14(c) , a GO layer can be considered as a graphene sheet with epoxide, hydroxyl, and/or carboxyl groups attached to both sides, and physical properties of GO can be modulated by those chemical functionalities on the surface (Yan et al., 2009) . When there are an amount of epoxide, hydroxyl, and carboxyl groups on the GO surface, the conductance of GO is assumed to be low due to sp 3 bonding feature. As a negative voltage bias is applied on the bottom electrode (i.e., Pt), some oxygen-related functional groups inside the GO layers are removed, resulting in an amount of sp 2 bonds. The conductance of GO becomes higher due to an increase in the concentration of interlayer π electrons. As a result, the sample is switched to the low resistance state (On state). While sweeping the voltage to certain positive values, the oxygen-related groups diffuse toward GO sheets and attach to them again. Correspondingly, the sample returns to the high resistance state (Off state). Therefore, as schematically shown in Fig. 14(b) , the desorption and absorption of the oxygen-related functional groups on the GO sheets correspond to the low and high resistive states, respectively. Insulating carbon can be switched to conductive sp 2 -rich carbon and conductive carbon can be switched to sp 3 -rich carbon by applying appropriate electric fields (Kreupl et al., 2008) . (c) Schematic of the desorption and aborption of hydroxyl or similar groups on the GO sheets (Echtermeyer et al., 2008) .
Pt
ii. Desorption/absorption of oxygen-related group on the GO sheets
Conclusion
Reliable and reproducible resistive switching behaviors are observed in GO thin films. The metal/GO/Pt structures exhibit an On/Off ratio of about 20, switching threshold voltages of less than 1 V, good retention and endurance performances. The Ag/GO/Pt structure has a low Forming voltage likely due to a large Ag ion diffusion coefficient in GO, whereas the Au/GO/Pt structure shows a high Forming voltage likely due to gold's chemical inertness. The Forming voltage increases with the thickness of GO, indicating that the electric field inside the bulk GO is the controlling factor of the Forming. The resistances of the high and low resistance states show weak dependence on the film thickness, demonstrating that the resistive switching occurs in a confined region. It is found that the resistance of the On state decreases with current compliance, whereas the Reset current and Reset voltage increase with current compliance. Therefore, by adjusting current compliance, the power consumption of RRAM can be modulated and multilevel storage can be realized. The resistive switching is also observed in micro-regions by conducting atomic force microscope.
The dominant conduction mechanisms of low and high resistance states are Ohmic behavior and trap-controlled space charge limited current, respectively. Based on the experimental results, the possible physical mechanisms of resistive switching behaviors in GO thin films can be understood by considering the desorption/absorption of oxygen-related groups on the GO sheets as well as the formation/rupture of conducting filaments. 
